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‘1’lIc IJillkcd  Windows in terac t ive  l)ata Syslcml  (1/inkWillLs) is a ])rototy]jc visual data explora t ion  systcIII rcsulti]~g
fro]n a NASA /J1’l. ])rogral]] of rcxwarcll into ap]~lyi]lg  gra]lhical  IIIctlIods for rapidly accessing, dis])layi~lg  allcl analyzing
large IIlultivariatc ~lll]lticliscil~li]lary  data sets. ltull]li]lg  ullclcr  UNIX, it is an i]ltegratcd lll~llti-a]~]~licatit>]l  e x e c u t i o n
c]iviro]l]llent  allowi]lg tlic dynalnic  illtcrconncction and cc)ntrol,  through a data-linking ])aracligln, of Inultiplc  windows
cc)]ltail]i]lg  a variety of dis])lays a]ld  llia]li])ulators. ‘J’llis l,:iradiglll, resulti]lg,  i]] a syste]l] IIIUC.11 like a gral)llicd s],rcad-
slIcct, is ]Iot cjlI]y a ]~owcrful  II Ict,l IcJcl for orga]lizi]lg large ainouni,s of data for a]lalysis, hut leads to a IIigh]y  intuitive,
easy-to-learll user illtlcrfacc. IL l)rovidcs great Jlcxil)ilit,y  ill ra]~idly  itltm-acti]lg with large Inasscs of col IIplcx  data to de-
tect tm[ds, corrclatims and ano]]]alies. ‘1’IIc systc]n, co]l(ailling au cxllalldillg  suite of ]Ion-dc)]nain  spcciflc a])plicatiolls,
]Jrovidcs  for the ingest,io]l  of a variety of dat,al~asc  forlllats, and hard c.c)])y output of all d i s p l a y s .  ILcxnotc  llctworld
workstatio]ls running  l.i]]k  WiIlds IIIay lm i]]tcrcc)]lllcctecl,  p r o v i d i n g  a  h4ulti-l Jscr Scicncc  Ihlvironlnc]]t (M IJSII;) f o r
collal)orativc data Cx])loratio]]  by a distjril)utlcd  sc.ic]lcc  tealll. ‘1’lIc systclll is l~ciIlg dcvclol)d in close c.olla])oration with
i]lvestigators ill a variety of scieuce disciplines using lJotlI tire.llived aIId real-tilllc data, ‘J’lIC al)plicat, io]l of l,inkWinds
to optical alId  i]lfrarcd Il]ul(ispcctra] gcc)logica]  i]llagcs wit]} acccnllpaliyi]g elcvatio]) data will lIc d i s c u s s e d .

1. lN’1’ltol)ll(:’J’l[)N

ILecc]lt  advallccs in rc]llc)tc  s e n s i n g  ca])al)ilitlics  arc ]]rovidillg  LIll])rcccclcl]tccl al)ility to  s tudy  our  wor ld .  ‘I’l Icse illl-
])rove]]lc]]t,s  arc also prodllcing aII ever  i]lcreasillg  f lood  of  da ta  wllic.11 ]Ilust I)C gatllcmd, tra]Lsportcd,  storcxl,  and
aIIalyzcd to hc fully ut i l ized. ‘1’llis paper rcl~orts  C)II a systcIII  capable c]f fac.ili(ati]lg tllc rapid visual analysis of large
]I]asscs  of data, alId  d i s c u s s e s  its applicat<ioll  to rc]liotc scllsing, espcc. ially gmlogy. ‘1’lIc first portio]ls of this pa])cr
r e v i e w  tllc prc)pcrtlics  of this systcln ; a ]Ilorc  t,llcjrougli  discussion is co]it, aincd i]! J ac.obson  ci al (1 994). Applications
to rc]llotc seIIscd  at]]]  ospl]eric clle]i]ical cc]liccl]trtttic)]]s  (J acolwon  and IIcrkin, 1 9 9 4 )  and tclnl~a-aturc data (Ilotts and
S]~c]lccr,  1 994) arc found dscw]icrc. ‘1’llis systmll grew out cjf a NASA project at tllc Jet l’repulsion laboratory to
study tlic app]ic.ation of mllll)uter gral)liic.s  to tltc l)rc~ble]lls c~f quickly a]id  i]ltcractivcly exploring and analyzing very

large atllc]unts c)f sc.icntific.  data. ‘1’lIe ol)jcctivcs of tllc ])rogral[l  arc: (1) to dcvcdol) a software mlvirollIIlcIlt wllic.11  will
sup])ort tile rapid l~rotc)ty]~ing  of vislla] data  analys is  a])l)licatic)ns, w h i l e  at tllc sall]e time ]Ilaintai]li]lg the I]igll lcvd
of  pcrforll]allc.c ]Icccssary for intcractivc]y ]I]anil)ulatling gral~llic.al dis])lays; (2)  to devdol~  a user itltcrfac.c that is truly
i]ltrlitivc, allowillg  quick access to the softwarw  for tllc novice as well as t}lc advallc.cd  user; (3) to prcwide a suite of
saIII])lc  applicaiio]]s wllic]l  are useful across a variety c]f sciclltific.  disciplillcs; and (4) to provide tools to support user
dcvclo]j]]lcllt of a])plic.at,io]ls  for this cnviro]lIl]Olt.

2. l/l NKVVINl)S

‘1’IIc l,itlkd Wi]ldows IIltcr[ictivc  l)ata SysIelll, o r  l,illk\Villds, i s  a  prot,otyl~e  ]~roduct  o f  this rcscarcll cffcmt. II)
co]]l])lizi]lc.c wit]]  tlIc  rcscarcll ol)jcctivcs, l,i]lklf~it~ds,  an itl(cgratcd ]Ill]lti-a]~]~licatic)]~ cxcc.utioll  enviro]lll)c])t witl)  a  f u l l
gra])llical user itltcrf;icc ((;111),  is a v isual  da ta  analysis ;iIId m]~loratim] systelll desigtled to rap id ly  a]ld  illtcractivcly
i]lvcstigat,c large Il]ultivariatc alId  lll~]lticlisci]~lill:iry  data sets to (l~tect tr~ll& correlations aIId .wimllalics. ‘J’hc systcn[l,
o])cratti]lg  under UNIX, is bad C)II a]) c)l)jcc.t-oric] ltccl ])rogra[]lllii]lg IIIodc]  allcl is i]l]l)lcnllc]lt,d ill tllc C l a n g u a g e .  I t
dra\vs upol)  tllc Silicon (~rapllim l]Ic. (SG1)  (;1,  l i b r a r y  f o r  its G(I] a]ld  gra]~]lic,s s~lpport s o f t w a r e  and ]Ircscnt]y runs
oIIly OII workstatio])s s~t]~portil]g  this lil)rziry.  ‘1’llis itlcludcs  all S(11 workstat,io]ls
lIavc  licc]]sed  IiIId sup})orl tile (;IJ lil)r:iry.

, and tliosc c)f otllcr ]]lanufacturcrs  wlIo
‘J’llird pfirt,y s o f t w a r e  IiIId tllc advc]lt  of O])cII (~ 1, as [i sta]l(lard gr<iphics

lil)rary will grea~ly  i]lcrease (llc  portal~ility  of 14itlliWi]lA  it) tllc ]]car  f u t u r e .

l)ala s e t s  a]Id  i]ldividual took for  disl)lay or co]llro] of tllc d a t a  a r c  codd as ol)jccts, each  occ.upyillg  a windcnv  0]1
tllc l,i]lkWillds scrccll, and cc)]I]]t]llllicati]lg  wiil)  o t h e r  ol~jech tllroug]l a II Iessagc  p a s s i n g  l~rotoc,ol.  ‘l”lIc ol~jccts  m
windows CaII IJC li]lkcd  c)r u]llinkcd at [IIC discretio]i  o f  t,llc user. ],i]lking t,hc wi]ldows  sets u]) o]lc-way ][lcssagc pat]ls
IJC(WCC.11  ol~jects.  ‘J’l]is data-li]lki]]g paradig;]tl  ]Ilakcs tllc systeIII  pcrfc)r]ll  II IUCII like  a  gra]~llics  s]~rcadsllcct, aII[l M ill
{i sprc:idsllcct,, is a l~owerflll  w:iy of orgal]izi]lg tlIc  diita for a]lalysis while I)roviding a Ilat,rlrfil  and illtuit,ivc  i n t e r f a c e .
l):ita-lil]king,  and its user interface illiplicatio]ls, arc discussed lIclolv.



hlcssagcs gcvlcr;itd l~y l,inkWill& ol~jcct,s arc rccordcd as ]Jrogralll  StatCIIICIItS in aII utldcrlyingj  laIIguagc c a l l e d  ],ynx.
‘] ’] II? Ii ICSSagC passi)lg c]laractcrist,ics  arc t,]Ic ]):isis fc)r t,]ircc key ],illkwillds fullct,iolls. ‘li]IC first is the lnaiu(,cvlanc.c  of
an ilit,crllal jourlial of all user origi Ilat,cd CCJImIIa  IId S cxecutd by t,lic cllvirc)Ill[lcIlt. ‘J’llis f i le  czru bc s a d  a t  aIIy tilnc
tlirougl]  a  IIICIIII c)l)t,ion. ‘J’lIe rcc.ord c.aII tlICII Iw rcp]ayd at tllc initiation c,f sulMcqIIcIIt  I,ilLkWirlds  scssiolls, allowillg
t,llc user to draw ulmn a previous layout of l,illli  Winds a]~]]licaLiolls  allcl links, or repeat a full  aIlalysis  session. ],yIIX

also k t]Ic b:isis  for a l[lacro ca]~a])i]ity,  it] wrlli c]] a series of stxqx  ~[lay ]JC stored for rc-excc. utic)ll.

‘1’IIc t]lird func t ion  ]Jamd  U])OI1  t,hc l,yIIx  Incssagc passing,  protocol is tllc Mu]t , i -User  Scicncc F;livironlnc]it (M1lSII;),
wllicll  l)rovidcs a II IctlIod  for  II]u]tiplc l,illk WiIlds systcIIis to coln~[lullicatc v ia  IIctworlis. Using Inmiu  optiom, users
rcl)lotc]y  scll;iratcd c.aII connect  to one allotllcr, and I)y also csta])]is]lillg a tclcplIc)Ilc  voice c.onllcc.tioll,  CaII coo]) crativcly
v i e w  aIId lI]allipu]ate t]lcir data . A  suc.ccssfu]  connection  r e q u i r e s  tJIat cdl user  I)c cxccuti]lg l,iukWiucls  aud t,llat
C:IC]I  ]Ias access to tile data. sets being ziIIalyzcc]. ‘J’]lis is llorlnal]y arrzmgcd l~y t ranspor t ing  tllc data sets prior to t,hc
collal)c)rativc scssic)ll.  lkc[iIIsc oIlly  t,lIc II Iessagcs  arc scmt, and IIot  t,lle actrIal data, a very low I)alldwidtll  is requirrd,
IIlaliil]g  for quick  and cflic.imt,  c.c))lllll~lllicat,ic]l]. ‘1’lIc M US II; c.ap:il)ilit,y  is also used to give  tutorials over t]lc Ilctwork to
IICW users and to a]]ow users to dclllotwtratc rccollllllcll(]atiolls  for a]]l]]icatioll c]lallgcs or to ])oi)lt  out bugs,

II arxl copy of tllc l,inkWinds displays arc providd  by futlc.t ion keys OII tllc kcyl)oard.  l’laciI]g tllc cursor ill a window
a])d ])rcssiug 1’1 ])roduccs an ilnagc of a w i n d o w ’ s  contcllt,s;  ])rcssillg  1’2 saves  tllc coIIIp]cLe wiI]dow  and fralnc; and F3
saves tllc fllll scrcc)l. ‘1’llc figures slIown  were ol)t,aincd  ill (l[is  IIlauncr. ‘1’cxt fi]cs  c.olltaining statistic.a] inforlnatioli and
data t,a]~lc lis(i!lgs arc avai]al)]c via buttons 011 t]lc appro])riat,c applications.

3. l) A’I’A-l/l NKIN(~  ANI) ‘I’ll II; lISII;IL lN’1’I;lL}’A[:l;

111 additic))l  to tllc IIorlllal (;(11 functions provided by the w,illdowillg  cl)viroIl~[lcIlt,  dynalliic IJlanipu]ation of graplw and
illlagy-s is facilitated tlllrougll  tllc data -lillliillg ])aradigtil. l)ata-lillkillg cwi I)c u]]dcrstood itl tllc co]ltcxt  of a s],rcadsllcct,
w]lcrc CCIIS collt,ainillg IIulllbcrs arc lillkcd  to ot,]lcr cells.  l~orljlulac  arc associatd wit]l  cIicl I CCII, so that when a l[ulnbcr

cIIaIIgcs,  till CC]IS  lit]kcd  tc, tlIc  cliangcd c.cII r e c a l c u l a t e  t]lcir values .  l,iakwi]lds dots t]Ic sal[lc tlli~ig, but in a grapl]ics
c)lviro]llllctlt,  w]lcre  tlIe  rigid grid structure gives way to free forl[l, and a ccl] can trallslatc, for illstancc, iIlto sliders or
large scale nullll~cr  arrays SUCI1  as illlagcs,

“1’llis da(a-lillkillg paradig)n i s  olIc c,f t,llc lIIost  dist,iliguisllillg fcaiures c)f ],illkwlillds , and cvc,lvcd  froln a desire to
crcatc a truly easy-tc)-lcar)l aIld  intuitive user ill(crfacc. A guidi)g ])rillci])]c  is that users arc il[lpaticnt,  and want to
get started 011 productive work as quickly as possible. ],argc IIlanuals only discourage tllcll] (]tct,t,ig,  199]). “J’hcrcforc,
aII illtcrfacc was nccdcd wliicl]  caIl Iw lcarllcd by cxl~]oratic]ll,  aIld  wllic.11  c.onforlns  tc) cx])cc,tatiolls M t h e  u s e r  w o r k s .

1 )ata-li)lking is dfcc.tcd tllr-ougll  two  icons. ‘1’IIc li]lk ico)l is a l)u(toll displaying; two iIltcrloc.killg  rings, while tllc unlink
ic.ol~ d i s p l a y s  two  r i n g s  that arc sc])aratcd. objects C)II tllc scrccll Illay  nave a single link  buttc)]l, tlIc full  set of link
and ullli)lk l~llt,tons,  or 110 l]u(,tc)Ils. ‘1’IIc prcsc]lcc of a sillglc link  I)utton illdic.atcs a data object, wlli]c  the prc.mlcc of
t]Ic  ])air indic.atcs al~plicatiol}s  wit,]] control functiolw,  A windc,w  with 110 l~u!(,ons is an application witl]  only display
capal~i]itics. ‘1’o perforlll a li]lk,  tllc c u r s o r  i s  p l a c e d  011 tl)c  a])propriatc I)utton, and a ‘[ru]lbcr  l)and” is dragged out
aIId  dro])]~cd into tllc .a])})lic.at,ioli tc) Ivs l i n k e d .  ‘lb  brc<ik tile liIlk,  tllc SaIIIC tllillg is doIIc  using tllc unli~]k b u t t o n .  ‘1’IIc
rul)l)cr l~a)lds siF;llifyillg  the links ll-iay bc displayed at aIly tiIIle during tllc session. ‘J’llcrc arc two silnp]c rules to follow
ill applying tlIc lillkilig paradigm]]): ( 1 )  WIICII a s  a  result o f  Incnu sclcc.tioIls  an clll])ty window  apl)cars o]] tllc scrcc~l,
])ut dataiuit. ‘I’llis isclc)llc  l~ylillkillg  aclat,aol~ject illt,c]t,llew,il](lo~i,.  (2)\3~llcllallc]l~jcc,t  witlitllc] )airof] illksyllll)ols
a])]~rars,  excrc.isc  its colltro] functiol}  l~y ]i)lkilig  it ill(c) aIIy al~])]icatio]l  ol)jcct.

our cx])criellc.cs  wi th  users  lIas  coIlfir)lld tllc il]trlitivcliess  of t]lis l,aradigttl. Sciclltists very quickly l)cc.,~I[~cfzillli]iar
wit]]  tllc l[lalli]~~lltit, ic]llst,ll:it,  c.ol~t~ro] ],inkwill(ls, oft,cll gral)l~itlg  t,]lc II IOUSC  c)llt c)f our ]Iallds dllrillg dcl[lonstratiolls  to
try lIICIIISCIVCS.  Ncw users  tyl~ic:illyr cclllirc al,c,ut :Iolllilllltcsc,  fclcll]c)l}st,rttt,  ic,ll to Illldcrst,al]cl  t,]lc systclll W C]] mIoIIgli
toc)lll)al!i U])OI)  ])roductivc  work .

\l~llilc tllcl, illk\4~ili(lss cllcli]c>o flillliillgt c,gctllc>rc) l)jcctsc,l itllcscrcc1l isrcllJillisccl ltc,fc]ata-flc)}  %rsystc]l!s,(] lcsir["li]arity
is  oIlly  su]~crfrcial.  l,illkwillds is a llllllt, i-:i])]~licat, ic)ll excc{l(,ioll ellvirolllllcllt <III(I t,llcrcfore  ]Ia.s sig)lificarlt arc.llitec.tura]
:idvalltag;es,  AI Iy  cla(atral~sforlIlatiol~  s[irc(l c]l~c}v  it,llirll]  iglllcvel al>]~liczit,iolls )v]lic.llac,c.css  tl)c [Iatatl)rougll l)ointms
to sl)ared IIlclllory, IIcgatillg tllc need  to store.  ititcrlllcdiatc copies  of  tllc d a t a . ‘1’llis rcsultjs  ill lnorc cfllcicnt  usc  o f
IIlelllory and I)c(tcr ])crforlll:illce. 1,i}1k\4~ill(ls  isc)]~ti]Jli~,ctlf  c,rexccll[ic)Il rat,l]cr  t,llall l)rogr;illllllillg,al)cl wit,ll I1OIICUI
forli]lguistic colll]~lctcllcssis  less co] IIplcxaIId

4.

tllcrcforc  l[iorc  easily lcatlIcd.

I) A’I’AIIASI;  lN’I’l;ILII’A(;  I;



‘1’IIc current vers ion  of l,inkWin& illtcrfaccs wi~ll lJotlI  arcllivcd rtIId real-ti)llc data. ‘J’lIc arcllivcd  lnc)dc  accepts  data
ill a varidy of standard forl[lats. ‘1’IICSC a r c :

c ILaw binary d a t a  i)] citlllcr  b y t e  or flcmting-])c)illt  forlllat. ‘1’IIc data IIIUS1 bc- arr:illgcd as a scqucncc o f  il[lagcs,
cacll  i)) stall-lillc order. AI I m]cillary data dc+mi]~tioll  file IIIUS1 also I)c ]Jrovidcd.

● ‘1’IIc Silico]l  Graphics, inc.., native IL(; II forlnat,.

●  ‘lIIIC IIicrarcllical l)at,a I’orlnat (111)1~)  crcatcd b y  t,lle National  Cc Iltcr for  S{l]~crc.ol[ll)tltillg  Ap]~lic.ations.

●  ‘1’IIc (; OIIIIIIOI)  l)ala 1+’orIllaL  ((;1)1”) o r i g i n a t e d  at, tlIc  (;oddard S])ace  1,’ligl}t Cc)ltcr.

●  NctCl)lr, der ived  frol[l  Cl)lI’ and su]~portcd  l~y LIIC Nat ional  Celltcr for Atlllc]s])llcric.  l{cscarc.li.

●  ‘J’l IC I’lallclary l)ata SystcIn (1’1)S) or ig ina ted  at NASA/J l’1,.

●  ‘1’llc l’lcxil~lc  lIIIagc  ‘J’ransport,  Syst,cIn  (1{’1’1’S)  widdy usccl by tlIc astrol)llysics c.oIrll  I1uni Ly.

l)ata sets lIIay  I)e sulmt upcJIl  initial lo:td  c)r sulmqucnltly duri]lg tile smsioll l)y including co]ltiguous rcgiolls of intm-csl.
A  w i d e r  varic!ty  of suhsctling  IIIodcs,  file scarc]liIlg capa])ilitic%,  aud L]Ic’ ilnpc)rt C)f addi t ional  data fc]rIIlats,  inc.] udiag
tllc Airborllc Visil~lc and IIifrarccl  IIl)aging SpcctroInctcr  (AVlltl S) fc]rl]lat, a r c  l)rovidcxl  by  l)atallul~ (Ilallcllcy and
l{ul)itl,  1993),  a  systcl II bcillg dmdc)lml ill clcm collal)oratio]l wit,ll l,illkWilids.

l)ata sets L o  IJC illgcstcd by l,inkWiIIds  arc liskd in  a  text  file  a])cl al)])car ill tllc to)) lcwcl “l)atalmscs” Inmu. Wild
cards ]IIay I)e used in L]lis text file,  allmvillg  wlIc)lc clascs c)f data fIlcs  Lo I)c acc.cssible. Ncxv data  files c.rcatcxl cluring  a
sessiol]  I)y l)atallul) or l,illk Wincls’  sulmt,tillg  tc)ol arc autolllatical]y added to tllc II ICIIU. hlctaclata nccclcxl to traI~slatc
d a t a  and :ixis  values tc) lneaningfu]  nulnbcrs, SUCJI {Ls tllc Ilul[ll)cr c]f a x e s  ancl t,lleir  na]ncs, is obt,aillcd frolll data film
ill tllc standard fonliats. A spcc.ial  II]ctadata file cxisis fc)r tlIc raw I)ytc  data or to prcwidc additio)lal i n f o r m a t i o n  n o t
cc)lltainccl  ill tile standarcl forl[lats.

‘1’lIc real-tilllc II IOCIC of l,inkWin& is a rcccllt dcvdo])l[lcmt (Jac.ol)sc)l]  and llerkill, 19{13), ancl IIIusL bc cxcrc.isccl  through
tllc crcatic)ll  of a smvcr tailored (0 tl]e  fcmllat  of tllc input data strcalll. ‘J’IIc data dcsc.ril~tioll  file contains the nalne of
tllc server, as wc]l as tlIc  usual auxiliary IIlctadtita illforl[lation. ‘1’lIc server is coIIIImtcd to l,illkWiIlcls  tllrougll (JNIX
sc)cket, s. Ar] i]lt,crrupt systcln witl]ia I,inkWinds SC]ISCS  tllc a r r i v a l  o f  clala and n o t i f i e s  tile pcrti]lcnt,  a])])licatio]ls. In
additlic)]l 10 tllc actual ]]lcasurcd data, clc)c.k ti]ncs al]d  cvlgillcmi]lg  infc)rlnatio]l about tllc status of tllc sc]lclirlg  clcwiccs
]IIay I)c r i n d .  IIlcolnilig data  is  saved  ill IIl)lp 8-l~it fcmnat, al]d  IIlay  tllcu I)c rq]layd by requcsti]lg a rq)lay server in
t,lic ]I]ctadata file. Sl~ecific.  data film  and ti]llc intcrviils ]Ilay  I)c C.lICMH fcm replay. As a test (Ic]llc)]lstratio]l, liinkWinds
w a s  usd to ]Ilo]litor and analyze data fro]]] tllc U n i v e r s i t y  c)f lcnva’s l’lasl[]a Wave Sulmystclll  al)c)ard  tllc G a l i l e o
s p a c e c r a f t  duri])g t])c’ ]’;art]l ~ cmc.out)tcr ill ])ccc’ltlber  ]~{1~.

5. AI’l)l/l CA’I’l ON ‘1’() GII;OIXKIC  l) A’1’A

A s~litc of a]~plic.at,io]ls useful  across ]JJaIIy disciplillm l]as lWC]I dcwelol~ccl fc)r t,llc ],inkw’inds cglvirc,]llnc]lt,  ( sew ‘1’able
1). l“igure 1 SIIOWS a typical session cx])lc)ri]lg  ‘l’hi (rl’llcnllat,ic  hlappcw) data of tlIc l)cadlllan’s l]utt,c area of Wyolllillg.
‘1’lIc clata is  tllrec di]]]c]lsiotlal,  giving tllc radiallcc a s  i t  varies witl]  ground ]Jositio]]  alicl wavclmlgtll.  ‘1’hc i]nagcs arc
512 l)y 512 I)ixcls,  w i t h  cacl] pixd rq~rcxcnti]lg  28.5  ]Ilctcrs. ‘1’llcm are scvc]l  wavclc]igtll cllallncls, rarlging frc)lll tllc
visil)]c  to (,IIc IIliddlc il)frarcd. ( k)rcgist,crd C]cv:it, ion d a t a  ol)t, tijncd fro]]} topc)p;ra])]lic  lIial)s alsc) cxist)s.

‘J’ltc l,i]lkWillds (c)l)-IcvcI lIICI)U a])pcars ill tl]c  ul)])cr  left of tl]c f i g u r e ,  llc)]ll this II~eIIU tllc clatal)ascs, tools and systc]ll
optjic)lls arc sclcctcd. l)ata ol~jccts,  wit]) tllcir sill~lc litlk  l)uttc~lls, are just, I)clow tile lJIcl Iu. ‘1’]Ic wi~ldc)w c]ltitlcxl  l’1ane.1
disl)lays a tllrcc dit]ic)lsiona] rc]lrcsc]]lzitic)])  o f  tllc data. (;l IaIIncls 4  (red), 3  (grcc]l), and 7  (I)]uc)  lI:ivc bccll  Ud tO
lIIakc  a cc)lllpc)sitc  IUill (red, grcml,  I)lue)  false co]c)r il[lagc, wllicll  has I)CCII c)vcrlaid  011 the elevation data. ‘1’IIC llcigllt
gai]l  is :icljus(al)lc l)y (IIC user via LIIC rc)tary  dial 011 (IIC left, wllilc l’all-Zoc)ln  (]]c)t SILC,WII)  aIld  2 - A x i s  ILotator c.cmtrols
IIavc bm] lillkcd  to tllc l)lane, allowiag  it (c) bc i]ltcractivdy ]Iclsitiollcd  a s  clcsircd.

‘1’IIc cl IaIIIIcls  used  tc, l[lakc (his collll)ositc were  sclcctd I,y tlIc t]lrcc s l iders  C)II tllc I,irlc]’]ot al)l~licatioll at the lower
left, wllicl]  lIas  l)cwII linked to (IIC I’lallc. ‘J’IIc IJilicl’lot alsc) disl)lays a  s])cctrutll a t  ally I)oint. III t h i s  c.asc, tll~
(k)]lll)i])e  a])]) licatic)]]  at tllc far right lias I)cc]l lil)kcd  to tllc l,i]]cl’lot,, w]licll  t]lus d i s p l a y s  L]lc spcctru]l] at t,llc ]ocatio]l



of (kjllll~itlc’s  crossllair. ‘J’lIc IIistogral]l too] at cclltcr sllcnvs tllc distribution of radiance values fcm the f,hrtw slices used
in (111:  colll]~ositc.  IJincar slretcllin~;  lIas  I>ecu l)crforlllcd C)II  tlIC v a l u e s  l)ctweclI  tile wliitc s l iders  to  sllarj~mk the colcms.

l’llc)tc]g;cc)logic. ]Ilaps lliay bc collstructd fro]]) illtcr]]ret:itic]ll of it[lagcs sucli  as this. Gcolrlorphcdogy, dctcrlnincd  frolll
Ilotlll dcvatioll data and slladowillg,  a ids  great ly  in this i[ltcr])rctatioll. ]Jiffcrcllt s t r a t a  arc rccogliizcd by Lllcir co]ors,
c.orrcw])ollding, to the  diffcrclit  s p e c t r a  o f  tllcir li[llologica] col IipolIclIts. A  full  discussion of  liLllologic. inforloation
c o n t a i n e d  it) suc.11 pic(urcs is discmscd I)y lJaIlg  C( 0/ (1994).

‘1’lIe (.;oll]l)inc  tool allows lll:ttl)c]ll:ttic.:il  Illa]lil)lllzitio]ls  to I)c ])crfor]])cd  oII slices of  da ta . ‘1’llc slices arc sclcctcd froln
sl iders ,  ill lllis cam from t,llc l,il]cl’lot, ‘Jlic calculator is called frolll  a Luttoll 011 Cmnhillc,  and takes hc)tli  slices and
co]wtallts as input. 1]) this ca.sc, cllanncl  3 11.M I)mi sul)trfictcd frolll c.llanllcl  4, and tllc diffcrcllc.c  d i v i d e d  l)y tile sul]l
o f  tllc two.  ‘1’IIc r e s u l t  w a s  tllcui rcl~innccl  using tllc mlil)cddd llistogralll, to cllllallcc co]itrast and focus ml values o f
intcrfxt. ‘1’llis IIlani])ulatioll gives  the llormalizcd diflcrcllce v e g e t a t i o n  i n d e x . Area<  with IIi.gllly v igorous  vcgctatio]l
a])])car a s  wllitc, wllilc ]Jlaccs  witlll Ii(jtlc vcgctfitio]l arc I)lack. l)ividing I)y tile sul[i  rcv[icwes s h a d o w  and ;it]nos],llcric.
Cff’cc(s.

l“igurc 2 SIIOWS a diff’crcllt  l,ililiWit]ds scssiol]  cxal,,il,i],g IJOL1l ‘1’M and ‘I’lhf S (’J’llerIllal  i n f r a r e d  Multis]jectral Scmiicr)
data of tllc salllc rcgioll. ‘1’IIC ‘I’M d a t a  ol)jcc.t  at lokver Icft ILas b e e n  put, in to  tllc lo]i.g forln by c.lic.killg 011 tllc “liiorc”
butte]]. Using tllc topl]]c)s(  slider, tllc data set has I)ccl) sulmt to tllc lowest  four  cllanllcls,  as tllc last tllrcc c.lla~inds
w e r e  not Ilscd during this smsioll.

‘1’lIc ‘J’M data is dis])laycd ill IInagcl at tllc ul)pcr right. Using  tile I,illcl’lc)t  and llistogral[l tools as described above, an
It(ill col)lpc)site  illlagc IIM ag{iili I)ccl) lllaclc,  this tilllc wi~ll cllallncls 4 (red), 3 (grcm), alicl 2 (blue). ‘J’llis p a r t i c u l a r
col])l]i]lation of c.lla]lncls  is st~indard alllcmng  gco]ogists using ‘1’hf data. Vegetation is  d isp layed ili red, wllilc rcd bids
arc SIIOWIII in ydlow-gold,  a)ld  grcy rocks appear grcy. ‘J’llis color collll)iliation  was usd M the basis for photogco]ogic.
IIlap])illg of tllc lkadlll:in’s l{uttc region, as dcscril)cd ill l,ang cf al (1987). ‘J’l Ie l’rofilc too] at tllc ]owcr  Icft  dis])lays
tlIe radial]c.c of  tllc red channel  ( 4 )  along tllc cyail  Iil]c 011 II[lagc. ‘J’llis line is callccl  froln ltnagc>s  IIImU,  and is drawli
l)y tllc u s e r  wit]]  ally lcIIgtlI  al]d  aIIgle.

‘J’l]c l’lane a])])lication [o L1lC right o f  the IIlain l,ink\Villds Iomu SIICNW  ‘1’1  hlS  d a t a  rc~idcrcxl on the clcvatioll d a t a .
(;llall]lcls 5 ( r e d ) ,  3 (~rccli) a)ld  1 (IJIuc)  nave I>ee]l co]l)])ositf.d,  a n d  tllcir cdc,rs strctclld using a IIistogralll  t o o l  no
lo]lgcr  SIIOWII.  l,itl)ologic illforl[latio]l al)out tlIc diflcrc]lt str:ita is obtaind  I)y variations in tllc color (I,ang ct al, 1987) .
‘J’lIc- l’a]I-Zoc)III  a]ld 2-Axis  Itotator tc)ols IJC1OW were  used  to orimlt I’la]lc  as  des i red.

1]] allot,llcr apl)licatioll of l,inkWi)lds to rc]l)otc scl~sd gcdogic data, a geologist is stuclyi]lg a ])roccss calld potasiu]il

]Ilctasc)][l;itislll usilg AVIIUS  data. ID this process, all alteration of the rock occurs, witl]  potassiulll fro]n grouudwatcr
Icp]acillg sodiul[l. l’ota.ssiulll IIlctasc,ll]:lt.islll  ]IIay tl)us ]Jrol’ide  a good indication of Faults  wlLicll  arc brryillg tllc water .
IIcjwcvcr,  tllc cliallgcs arc visually sullt]c, and tl}us hard to detect in tile fidd. Using  lJinliWinds, the gcc)logist  IIas  bccll
ai)lc to i n t e r a c t i v e l y  stall tllrc)ugll  a l:irg;c colnl~i]latiol]  of cllanncls  a]id  tllcir ratios, and bclicvcs that C.crtaill AV1l  US
wavelmlgllt,s  allow tile rclnote detection of potassiultl IIlctasolllatisl]l.

A]lloul)g tl]c tools in ‘J’zil)lc 1, two w]lich  deserve special coll]l[lcllt facilitate tile creatio~l  of a]iilllations for ittllncdiatc
disl~l<iy  o]) tllc scrccll or subsequent recording oli video c)r fil III. Olie  allilllator is fralne based, witli tlic user sclcc.tillg
st,artillg a)ld  cvlding  collt,rol  va lues ,  a]ld  (IIC IIultll)cr  of fralnes des i red  i]i the ani]llation. ‘1’hc other anilliator is tiloc
l~asd. ‘1’IIc u s e r  s e t s  ally )lullll~cr  of  colltro] l)c,si(iolls,  cacli  wit]l  assc,ciatcd kcy tilncs grap]lically sclcc.tcd  by IIloving
tllc IIalids o]) a  c lock. ‘J’llc Anil]]ator tl]cl)  ilitcrpo]atcs lJcLwecm tllcsc set ],ositions to easily ltlake a n i m a t i o n s  w i t h
great flexibility in tl}c contrc)l, ‘J’lIc dcsird fralllc rate is  selected frol[l tile anilllator Inmu. ltatcs ilicludc  tliosc f o r
filth, video, and :i scmm display  Ii]odc  wllicll  )Ilakcs  tllc atlilllatioll ill real tittlc.

‘J’l]c ;ivtiiltil)ility of rc]llc)tc  SC]ISMI l[lultis]~cctrzil  geologic d:i(a, collll~i]ld  with visualization and analysis systcvns SUC]I

as l,itlk Wi)lds,  t,ll~ls eIlalJlcs  dct, ailed study of areas \\,]lic]l IIIay ]jc illtic.ccssil)]c,  li~it,ll a great, savjllg  c)f t,jl[lc alId  CX1)CIISC.

‘1’llc :iclvcllt  o f  il)strlllocllts wi(ll  clIIIal  Iccd sl~atial  alId sl)cctral rcsolutic)li, SUCII a s  tlIcm 0]1 tllc II;art}l ol~smving
Systc]l] (1’;OS), til]cl illcrcascd cc))[l]~~lt,[itic)lltil  p o w e r  w i l l  IIl:ikc t,]lc app]icat,iotl of tcc]llliqucs dcscril)cd al~o}rc CVCII IIlorc
i]llp(lrtatlt ill tllc futrlrc.

6 .  l~U’1’(ll{lI;  l’1/ANS

%vcral dcvclo],lllellts arc l)l:iIIIIcd for tlIc  f u t u r e  to sigllificalit,ly  i]ll]~rovc t,]lc Ilscfulllcss of l,illk}$~illds.  As in tl,c ]~ast,
wc wi l l  col~ti)luc  to d e v e l o p  applicatiol]s it) coll:il]oratio][ wit,l] scicllcc u s e r s  s e e k i n g  to sc)]ve real ])rol~lcllls,  Wl)crc



rCl CVa II(l, tlIcsc ap]~licatio))s  w i l l  ]tiakc usc  of Illodcrn rcvldming  teclllliqucs  wllicl]  call  s u c c e s s f u l l y  l~c ap])licd in an
ili[crac[ivc ellvirolllllcmt.

A ]Ilajc)r  i][lpcdal]c.c  to tllc usc  of ally  visualization (OOI is tllc di{licu]ty  users lIave  ill itlputtiilg t,l]cir data. l)cvclo])][lc~lf,s
of l,illkWillds and l)atallul~ will contiiluc to ]JIakc (his })roccss as SCXHILICSS  MICI autmllatic as possil)lc. A rclatd issue k

tllc t,y])cs of data acldrcsscd l~y l,inliWillds.  Avail<il)lc  tools for visual data analysis arc gcmcrdly  c.onfincxl to relatively
wel l - l~c])avd .mld rcctallgular]y griddd data sets. 14ink Winds’ first vm]turc fro]n tllc C.olnl[ioll  lnold was into tllc rcalln
o f  rczil-tillic data, c.rczrti])g a capal)i]ity  to illgcst SUCII data a]ld  buildirlg illtcrac.tivc a]]l)lic.aticllls  f o r  ~nollitorillg and
analyzillg it,. ‘1’here arc other IIlajor ncglcckd cat,cgorics  of data that arc quitm co][lloc)n  in scimtific r-cscarch,  and badly
ill llccd  of took’  to  suppor t  t]lcir cxp]oratiou  and atlalysis.  %vc!r:il ]Jro]~lc!lr”l a r m s  to hc addr’cssd ill t]lc fulurc arc (])
data sets ill wllicll  tllcre arc significant s o u r c e s  of error, citllcr statistical and/or systell]atic.;  (2) data sets wllicli  are
ullgriddcd sa]nplcs, citllcr s])arsc or ])ulncrous, fro]ll  wllicll  tllc user desires k) c.o]]struc.t  griddd  data sets over cxtcnldcd
rcgio]ls; and (3) disl)aratlc sired data sets froll]  a variety c)f illstrulllcllts wllicll  ]Ilust I)C warpd and/or c.o-rcgistmd for
overlay or colllparisoll.

111 tllc fo(um, WC illtclld to pursue tlic devcloplocllt  of a usrrs’ applic.atio~ls  g e n e r a t o r  f o r  l,inkwillds. Currmltly, t,hc
]ayou( of tllc c)bjccts, or  widgets ,  ill all of tllc witldows  is dderl[lillcd by a text file. ‘1’he user call  rc-c.c)nilgurc  tllcse
windows citllcr by cditillg this f i l e  o r  intcractive]y frolll  a IIlclltl-sclcc.tal)lc  ~(rcdcsigtl” lllode.  WC illtcmd  t o  e x p a n d
this tool kit approach to furt]]er allow  users to t]lrow  widf,cts away, or add IICW widgets from a provided catalog. in
colljullc.tliol],  lJillkWin& will gcncratc a C c.odc source IIlodulc  to Illakc tllcsc widgets work. ‘1’his code will be soitab]c
f o r  usc as a tcvllplatc fcm tllc dcvclc)p]llmt o f  a full a])l,licatioll. A s  cx])cricllc.c  is gailld with this ap})rc,ac.ll, and a
}llanllcd  convers ion  of  tl)e code to Cq + is accol)lplisllcd,  wc anticil~atc tllatl  tl]e  rmlclm-ing and display proccsscs  wi l l
a lso  ]cnd  tllcl]wclvcs to a lil)litd catalog of ]Jroccsscs  sclcctalllc l~y tile usci-.

A w a r e  t h a t  tllc cmly way  to dcvdop useful  tc,ol~ is ill col,ju)lc.tio]l  wit])  rescarcl) o]) ]I]callil]gful l)rol.)lmlls,  c,ur l)olicy
IIas  l~ccn to cmcourage  u s e r s  and potcllf,ial  users to collt,act  us c.ollccrning  I,illliWillds’  c h a n g e s  and neds. We h a v e
rcs])c~lldcd and w i l l  c.olililluc  t o  d o  s o  tc) (IIC lil[lit of our rcsourcm. l.inkWinds is currcmtly in use at lllorc than tcn
illstitutliolls)  bcillg  applid to prohlculls  iu hot]l  rclllotc-miscd  and fidd g e o l o g y ,  att[los])lleric. ])llysic.s and c.llcnnist,ry}
lllctcorology,  occanc)graphy, chcl[lical s])ccboscopy, space l)la.s]llas,  gcvtctics  a)ld  cdlolar l~iology. As in the ]~ast,  wc w i l l
colltilluc  to dcwclo]~ appl ica t ions  in  c.ollal)oratiol]  wit]i  scicl)cc  users scckitlg to SOIVC real problcljls.

Ack~Ic,t~~lcdgtJlcT/ts.  ltl addition to tllc a~]thors,  tllc c.rlrrmlt I,inkWinds dcvclopmcllt te:ilo includes Martin orton. Aluroni
WIIO ]nadc illlpc)rtallt c.c)]lt,ril~lltic)ljs arc IJriall  llccklll:il], I,CO l)lulnc, IIonllic llc]yd,  Jilll Mcl,cod, l’llilil) hlcrc.ur-io,  M a r k
l{ul]in  and Mite .11  Wade.  Kathi llcwatall  and IIardd l,allg l,rovi{lcd  useful disc.~lssiolls  on rclllotcs smlsc(i  geology. WC
cxtmld our thanks to Jcw IIrdckallip and IIis stafl’  at NASA, WIIOSC  s])o]lsorsllip ]Ilakcs  this work l)ossil.rlc.  ‘1 ‘lIC rescarc.11
dcscrihcd ill this pul~licatio]l  was carr ied out by LIIC Jd l’ropulsicm  l,al)oratory,  C a l i f o r n i a  l~lstitute of ‘l’ccllnology,
ulldcr a  c.o)lt,ract  with tllc N’atiol)al  Acro)lautic.s  and ,Spacc A(llllitlistra(ioll.

llotts, h4 ., and Spcmcm,  IL. “’I’IIc usc  c)f l,inkWillds for v a l i d a t i o n ]  and analysis of 13 years of h4SU d a i l y  g l o b a l
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ll’I(; UILII;S  ANI) ‘1’AIII,IX

Figure  1 .  l,itlliWillds scxsioll  tcj exj)lc)rc  ‘lJhl data of lhmdlIid II’s IIuttc,

l’igurc 2. l;xtitlii]lillg,  ot]lcr fcaturcx o f  I)ot,]l  ‘1’M and ‘1’lh!$i d;ita clf l)cadlllan’s IIuttc,

‘J’al)lc 1. (;urrell[ Suit,c  of l,inkWinds A]>plicat,io]ls.
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o]l]y tllc s t a r t  and stop control va]ucs  ])cillg  sd
(;olllput)cs isc)v;l~l;  contours for rc]ldcrill~ oll-a])])licaticmi
w]lic.]] display dices of data

llltm-ac.tivc  data sd ])a]cttc l[lalli])ula[ion  al]owing color  cditillg,
data ranges  bqillg  ralllpcd ill c.o]or, or substitu(ioll of ]~rc-cldillcd  l)a]cttcs

l)ii]~laj/(;c)])trc)l
(1]) to lhrcc  slims  c)f data arc ccn;ll)i]lcd usin~ sta]ldard
]Ilatll]c][l:itical functiolis elltmcd in all c]ohcddcd  c.alc.ulator
‘J’lIc func.tiona]  hdlavior clf &d-”]  ~oint il~a’dati set is cc))nj>arcd wit]l  a
rcfcrmce point usi]lg :i variety of IIla(]iclllatica] functic)lis
“Allows tllc ‘&r to”-illtcraclivcly s~vc”],c,ttions ~f tll~””display&l  data into “11 1 )lI;
]’]crts Lhc vducs a]bn~-~”sh~;~]lt lillc  going ccl~n])lctcly  tllro@l a  d a t a  set
parallel to ally  axis, and also fullc.tiolls  as a slider to sdect tllrcc slims

1 )is~>lays tllc clistribution of values in tlic 256 data chanucls fc)r UIJ
tc) three slir.cs,  and prcwidcs  filtering a]ld  color  s tretching

l)isp]ays a single sliic of data ~r a cGIIIposite  IWll illlagc of (Ilrcc
d i c e s  with c]lllddcd cross]  lair, ]Jc)undillg  box, and ]illc contro]s

I)is])l[iy
]’o]ygonally r-cndcrs  all ill)agc ill l)crs]~ec-tivc relief, with all o])tio]lal ac.c.ollJ-
llal]yillg lleigllt field, of citllcr :i sillglc s l i c e  o r  IL(; II tl)rw slim col[l])ositc

]’olygollally reudcrs an il[)iigc  o]l a  glc,bc,  wi(]l  aI1-G]~ticmd  ac.co][)])anyillg
IIcigl]t  field, of eitl]m a single  slice or IL(;I!  tllrm slice col[l])ositc
l’olygollally  r;ildcrs al] illl;gc”o)l ])olar projcc.tlio]is,  w;tl accolnpallyil]g
l)cigl]t  field,  of citllcr a sillglc  slice or IWII tllrcc slim c.cnnl~osite

l)isp]ays in a tllrrm  dilllcmsi;nal  point l~y point rclldcrillg all tile va lues
ill a data set bctwecnl  two lilllits

l)ispla~s Lhc data values along a line draw][  CIII tl]c
]Inagc, Colnbillc,  or Coll]parc  tc]cds
At mm-y location ill a slicc~ plcjts  tllc values of O]IC
d a t a  sd agai]lst< Lllc c)tllcr  to slic)w tllc cc]rrdatim)
A t  &wy l o c a t i o n  i~~-a s]i~c~ l~lots the valucs ‘of L]lrec
data scls i)} tllreo di)llcnsions  to slIcnv thei r  c.orrelatio]l

l{cal-(illlc

A stripe.]l:irt rcc.order dis]~layillg  data as citllcr color or line plots,
as a futlctioll  of cllallllc]  llul]il~cr vertically al,d til,ic IIorimlltal]y

1’10[s data v a l u e  versus cllalIIId  IIulnl)cr”, updating ill real tillle
wit]]  o])tions of savin~ a specttrulll  ;il Id averaging ill tillle

11’ul)ctio]]s  ]IIuclI lilic  Strc:il]ll’lot, I)ut willl  tllc d a t a  ]~c)lygonally mldcrcd
i)] relief using tllc data values for IIcif,l)i  a]ld  co lor
l’rovides  till]illg illforlllatio~]  for  L]ic currel~t  data, giving
date, ddy  of year, Li]lle of day, and illtcrllal spacecraft, tilnc
(k)lltic)ls tllc rallgc o f  cllallncls to IJC v i e w e d ,  allowillg ““ “ ”  ‘-
c.c]l]cellt.r:itic)ll 0]) features c~f i)ltcrcst


